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AERONAUTIC SYRMBOLS
1. FUNDAMENTAL AND DERIVED UNITS

Metric ‘ English
Symbol | ‘
: _ ! Abbrevia- | ; Abbrevia-
l Unit ¢ tien | Unit tion
| i
Length_ ... l Meter. - oo m ! foot (or mile) . . _..___. ft (or mi)
Time. - o oeeee t second . . oo eocoeoo- 3 second (or hour)..._.__ gec (or hr)
Foree ... .-~ F weight of 1 kilogram.___. kg weight of 1 pound.___. b
|
Power. .- .--- P horsepower (metric). .. .- o oo | horsepower. .. __._... hp
v kilometers per hour____.. kph | miles per hour_.___._.{ mph
i Speed.- - .-~ meters per second__._.._{  mps ' feet per second._._._.. fps
L 1
3YMBOLS

2. GENER.AL
Weight=mg ] ) ‘
Standard acceleration of gravity=9.80665 m/s*
or 32.1740 {t/sec?
7

l\iass:—I—-

Moment of inertia=mk® (Indicate axis of
radius of gyration & by proper subscript.)
Coeflicient of viscosity

Kincmatic viscosity
Density (mass per unit volume)

14
I}
Standard density of dry air, 0.12497 kg-m~*-s* at 15° C

and

760 mm; or 0.002378 lb-ft™* sec?

Specific weight of “standard” air, 1.2255 kg/m® or
0.07651 Ib/cu 1t

3. AERODYNAMIC SYMDBOLS

Area

Area of wing
Gap

Span

Chord \

Aspect ratio, g
True air speed

. 1
Dynamic pressure, 50V7?
v -

1.ift, absolutc coefficient CL:@:
D

Drag, absolute coefficient CDZ(ES’
]

‘. LT

Profile drag, absolute coeflicient Cp =" o

1
. 11,
Induced drag, absolute coefficient Cp =
. : D,
Parssite drag, absolute coefficient O”":@‘S'

Cross-wind force, absolute coefficient C‘czq—s,

Tw
%
0
Q

Angle of setting of wings (relative to thrust line)

Angle of stabilizer setting (relative to thrust
Iine)

Resultant moment

Resultant angular velocity

y i . .
Reynolds number, o where / is a lincar dimen-

sion (e.., for an airfoil of 1.0 {t chord, 100 mph,
standard pressure at 15° C, the corresponding
Reynolds number is 935,400; or for an airfoil
of 1.0 m chord, 160 mps, the corresponding
Reynolds number is 6,365,000)

Angle of attack

Angle of downwash

Angle of attack, infinite aspect ratio

Angle of attack, induced

Angle of attack, absolute (measured from zero-
lift position)

Flight-path angle
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REPORT No. 904

ESTIMATION OF F-3 AND F-4 KNOCK-LIMITED PERFORMANCE RATINGS FOR TERNARY
AND QUATERNARY BLENDS CONTAINING TRIPTANE OR OTHER
HIGH-ANTIKNOCK AVIATION-FUEL BLENDING AGENTS

By Hexry C. BarNETT

SUMMARY

Charts are presented that permit the estimation of F-3 and
F-4 knock-limited performance ratings for certain ternary
and quaternary fuel blends. Ratings for various ternary and
quarternary blends estimated from these charts compare favor-
ably with experimental F-3 and F-4 ratings. Because of the
unusual behavior of some of the aromatic blends in the F-3
engine, the charts for aromatic-paraffinic blends are probably
less accurate than the charts for purely paraffinic blends.

I i PP =< ) !
- - v INTRODUCTION

An investigation of the knock-limited performance of
triptanc and other high-antiknock components of aviation
fuels was conducted at the NACA Cleveland laboratory in
the F-3 and the F—4 rating engines (reference 1). The
data of reference 1 are presented herein in the form of
charts, which can be used to estimate the F-3 and the F—4
antiknock ratings for multicomponent blends of the various
fuels investigated. '

The F-4 data appearing in these charts are based on the
following blending cquation suggested in reference 2 for
supercharged-engine data:

1 N 1 N l\(rg

—— 2 ..
imep (imep)1+ (imep)2+ (imep)3+ @

where
knock-limited indicated mean effective
pressure of fuel blend
knock-limited indicated mean ecffective
pressure of components 1,2, 3, ...
mass fractions of components 1, 2, 3,
in fuel blend

imep

(imep),, (imep).,
(imep)g, e
Nl, Arrg, 1\73, N

Equation (1) has been satisfactory for blends in which all
components are paraffinic and have cqual concentrations of
tetracthyl lead. The equation applics most generally when
the experimental data are taken at high fuel-air ratios.
With the exception of data for one fuel in the present analysis,
all the F—4 knock-limited performance data are considered
at a fuel-air ratio of 0.11.

The analysis of F~3 data presented herein is strictly
empirical but has been found to agree satisfactorily in most
cases with the experimental data. The accuracy of the

performance charts presented was checked by testing pre-
pared blends under F-3 and F-4 conditions and comparing
the observed ratings with those predicted from the charts.

EXPERIMENTAL DATA

The experimental results upon which this analysis is based
are presented in table I (reproduced from reference 1). No
performance numbers in this table greater than 161 were
used in this analysis, as will be indicated later. The per-
formance numbers for the F—4 tests were estimated from a
reference-fuel framework (reference 1) consisting of knock-
limited performance curves for 90-percent S-3 reference fuel
plus 10-percent M—4 reference fuel and for S-3 reference
fuel clear and with 0.5, 1.25, 2, 4, and 6 ml TEL per gallon.

The use of this method of rating instead of the usual
procedure of direct matching was necessary because of the
extensive nature of the program; complete mixture-response
curves for 132 blends were obtained. For this reason, the
accuracy of the performance numbers shown in table I for
F-4 ratings is largely dependent on the day-to-day repro-
ducibility of the engine. The bricf analysis of the results
given in reference 1 indicates that this reproducibility is
good at high fuel-air ratios. Inasmuch as the analysis
herein is concerned only with data at a fuel-air ratio of
0.11, it is believed that the performance-number ratings at
this fuel-air ratio are reasonably accurate.

All blends investigated were prepared on a volume basis.

PREPARATION OF PERFORMANCE CHARTS

In order to make the final charts useful for the prediction of
blends giving F-4 performance numbers greater than 161
at a fuel-air ratio of 0.11, it was considered desirable to
extrapolate the performance curve to at least a performance
number of 200. This extrapolation was made by plotting
the performance numbers against knock-limited indicated
mean cffective pressure from the reference-fuel framework
in reference 1. (See fig. 1.) Although there is a definite
break in this curve at a performance number of 130, the
curve appears to be linear between 130 and 161. On the
assumption that this linear relation is true, a straight line
was drawn through the points at 130 and 161 and extended
to a performance number of 200. The extrapolation between

1
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161 and 200 is shown as a broken line in figure 1. In refer-
ence 1, a different method of extrapolation was used for
performance numbers greater than 161 (fig. 1); consequently,
the performance-number values above 161 in table I for
F—4 ratings are not the same as those used in preparing the
performance charts in the present report.

320
300 - /
Extropolation A

----- Present report J ,/
——=-Reference 1 /

280 A

260 wis

. v ml TELga/
7o
240

8
N

Knock-limited imep, /b/sqg in.

200 /

//.25
180 /5 /

/ Fuel-amr rotio, 0.//
/160

S-3 reference fuel

140
100 120 140 /160 /180 200
Performonce number
FIGURE 1.—Relation between performance numbers and knock-limited indicated mean

cffective pressures as determined in F-4 rating engine,
TERNARY BLENDS

As an example of the preparation of a performance chart,
first it is desired to know the F-3 and the F—4 performance
numbers of all possible ternary blends of hot-acid octane, an
aviation alkylate, and a virgin basc stock. These three
fuels were chosen because their blending relations follow
equation (1). A plot of composition against the reciprocal
of the knock-limited indicated mean effective pressure for
binary blends of any two of these fuels will result in a straight
line. The three binary combinations of these materials
are shown in figure 2. The ordinate scale of this figure is a
reciprocal scale used for convenience in order that the in-
dicated mean effective pressures can be plotted directly.
Experimental data for figure 2 were taken from table 1.

o Awiotion alk y/&fe - v/rg/'r} base b/endsE
L O Ho7-acid octane-virgin base blends
- & Hot-ageid octane-aviation alkylate blends 1
Hor-acid octane
320 ©
300k=—=== O s ELE LT }----%/90
jl: Ty, ST TERES EEEET EEPER EREEE EEEEE BEEES o aym- -3 3/ 80
B R e B B B S [ psns /70}1
< F=== PP S P ponsgs =zl s A4 R P
N /// /EOE
__________ T T 3
p =] 3 1408
8200131 "'""7(/4\}]6#27};}}7/}}/5%,'—1 S
§ /90— PPy Prrerrre P A S s Sy ryer 1308
E /QOF===f=—===}====1 EEEES ¢ S reresy Sepe SEEPS CEPR “--‘/20\8
§ /7O ppeesgeaass By7Z4% [ R Teopo--- soooo---g //0&
\'5 /60 ,/
R S o i -gu R PR R Epapupaey K RS P /
2 /s0} @
Fuel-air ratio, 0.1/
140 Virgin bose
S
1305 20 7 50 80 100

Compositon, percent by volume

F1GURE 2.—Knock-limited performance determined by F—4 rating method for binary blends
of hot-acid octane, aviation alkylate, and virgin base stock. All blends contain 4 ml TEL
per gallon.

In the next operation, lines of constant performance
number are drawn on the plot (shown as dotted lines, fig. 2).
These lines are established by reading values of indicated
mean effcetive pressure at equal increments of performance
number in figure 1. The data as shown in figure 2 are the
basic information needed to establish F—4 rating lines on the
final chart for multicomponent blends.

For convenience in relating composition and knock-
limited performance of ternary fuel blends, all performance
charts are prepared on triangular coordinate paper. A
brief description of the use of triangular coordinate paper is
given in the appendix. A more detailed description of
triangular plots is given in reference 3.

The performance chart for the system of hot-acid octane,
aviation alkylate, and virgin base stock is shown in figure 3.
Lines of constant performance number in this figure were
determined by noting the intersections of the constant per-
formance lines (fig. 2) with the blending lines. For example,
the 150-performance-number line in figure 2 intersects the
blending line of hot-acid octane and aviation alkylate at a
composition of 32-percent hot-acid octane and 68-percent
alkylate and intersects the blending line of hot-acid octane
and virgin base stock at a composition of 67-percent hot-acid
octane and 33-percent virgin base stock. These two com-
positions were plotted on figure 3 and joined by a straight
line. Any point on this line represents a blend of hot-acid
octane, alkylate, and virgin base stock that will give a
performance number of 150 in the F—4 engine at a fuel-air
ratio of 0.11. All performance lines in figure 3 were es-
tablished in this manner.

The lines in figure 3 are parallel, which is to be expected
when the curves shown in figure 2 are linear. On the basis
of data in this report and in references 4 and 5, it appears
that most paraffinic fuels blend linearly at high fuel-air
ratios. KEven though certain constituents such as the aro-
matics or ethers did not blend linearly with paraffinic base
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Hot-ocid octane +< mi 7FL/gal

Alkylate
+4 m/

TEL jgal

F16URE 3.—Knock-limited performance dotermined by F-4 rating mothod for ternary blends containing hot-acid octanc, aviation alkylate, and virgin base stock,
F-4 ratings at fucl-air ratio of 0.11, '

fuels, the procedure just outlined for the preparation of
performance-number charts is not altered. A nonlinear
relation in a plot of the type shown in figure 2 results in a
variation of slope with performance number on the final
triangular plot.

The procedure used for determining the lines of constant
F-3 performance for blends of the same fuels used in pre-
paring figurce 3 differs from that used for F—4 performance in
that performance numbers are plotted directly against
composition on linear coordinate paper and an estimated
“best’’ curve is drawn through the data points to determine
the binary blending relations shown in figurc 4. There is
nothing to justify the use of this empirical method for dealing
with F-3 ratings except that the end result agrees reasonably
well with the experimental results. One or two exceptions
to this method will be pointed out later.

The compositions at the intersections of a given constant
performance line with the blending lines (fig. 4) were plotted
on triangular coordinate paper and joined by straight lines.
The resulting F-3 performance lines are shown in figure 5.
The final chart (fig. 6) was obtained by superimposing figure
5 on figure 3. Performance charts for the following fuel
constituents blended with aviation alkylate and virgin base
stock (all blends leaded to 4 ml TEL/gal) were prepared in
the same manner and are presented in figure 7: triptanc,
diisopropyl, neohexane, isopentane, benzene, cumene, mixed
xylenes, toluene, and methyl tert-butyl ether. Charts for
hot-acid octane, triptane, diisopropyl, neohexane, isopentane,

0 Aviation olkylate -virgin base blends
Q Hot- acid oc tone- virgin base blends
¢ Hot-acid octone-aviation alkylate blends
140
E’ Hot-acid octane.,
2 i |
N 120, PZe |
3 -
§ ] -~Avration
8 / alkylate
4
¢/ 00 /
Q V
) //
=
--Virqin base
&0
0 20 40 &0 80 100

Composition, percent by volume

F1GURE 4.—Knock-limited performance determined by F-3 rating method for binary blonds
of hot-acid octane, aviation alkylate, and virgin buse stock. All blends contsin 4 ml TEL
per gallon,

benzene, mixed xylenes, toluene, and methyl tert-butyl ether
blended with aviation alkylate and onec-pass catalytic stock
are presented in figure 8.
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Hot-acid octane +4 ml TEL[gal

v VAVANAVAVAVAVAVAVATS
virgin base /)" \7‘\/\/\/ AN\/\/\/‘V\/\/\/\/\/\/ Atyiote

TEL/ga/ TEL[gal

FI1GURE 5.—Knock-limited performance dete

Hot-acid octane +4 m/ TEL/gal

F-4 performance rumber
---------- F-3 performance rumber

] WAYAVAVAYAVSTAVANA

VAVAVA G W‘\ \ﬂ%}\

e/ M/ /\/\/\z\i

virgin bose/s/ M\M/\/ /VW\/\/W“\/\/ T Akylate

+<d ml
TEL/gal 110 . /20 130 TEL jgal

FIGURE 6.—
F-4 ratings at {uel-air ratio of 0.11.

rmined by F-3 rating method for ternary blends containing hot-acid octane, aviation alkylate, and virgin base stock.

— Knock-limited performance determined by F-3 and F— rating methods for ternary blends containing hot-acid octane, aviation alkylate, and virgin base stock.
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Triptone +4 m/ TELjgal

-4 performance rumber
---------- F-3 pertormonce number

"Aikyiare

] ™

TEL/ga! a0 na 120 130 Tol o
(a) cL/gu

Dirsopropy! +4 m/ fEL/ga/
140 200

/35, %0 190 F-4 performance number
A A “““““ F-3 performance number

KAV 4 4
S AVAYAAVAVAVAN VAVAVAVAVAN
VAV AN SN AT AYAS \VAYAVAS \ g

AR
Avmv Y %\‘ 20 WAV ;“' .
T VAVYAYAVAY YAVAS VA AVAAVAS VAN
IVAVAY TATAVAVAVASAVAVAS AVAVAVATIVAVAN
VYAV A AVAVAVAYAVAAVAYAS VAVAVACAN
Virgin base /& / \ NN N/ VAVAN YAV AVAY NAVAYAEY: Alkylate
P s 700 o) /10 /20" 130 TEL Jgal

(n) Triptane blends: F-1 ratings at fucl-air ratio of 0.11. -
(b) Diisopropyl blends; F-# ratings at fuel-air ratio of 0.11.

FIGURE 7.—Knock-limited performance determined by F-3 and F-4 rating methods for ternary blends containing high-antiknock blending agents, aviation alkylate, and virgin base stock.
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Neohtexane +4 m/! TEL[/gal

F -4 pertormaonce number
--------- F-3 performance number

P AVAY A A VAVAVAVAVAY GEVAVAYAYAY:AY:

- P S K R : S P o\ Ak ylat
Y T AYANAVAVAYAN AVAVAVAVAVANAVAVAVAVAVATANANGY i
+4m 100 /110 120 130 TEL jgal

TEL[ga/ (c)

Isopentane + 4 ml TEL [gal

F-4 performance number
--------- F-3 performance number

ZAVAVAVAVAVAY
A, ;@& INAVAVAVA
AVAVARYINFAVAVAVAYE N AVAVAYY

.‘%\/o / NN AN/ VA A zf\y
Y A YAV VAN AAVAVAV.ANAVRVAVA VA VATACAE RIS
TELjgal 700 /{5)5 L 115720 130 TEL jgo!

(c) Neohexane blends; F—4 ratings at fucl-air ratio of 0.11.
(d) Isopentane blends; F—4 ratings at fuel-air ratio of 0.11.

—Continued. Knock-limited performunce determined by F-3 and F~4 rating methods for ternary blends containing high-antiknock blending agents, aviation alkylate, and virgin

FIGURE 7.
base stock.
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Benzene + 4 ml TEL [gal

£-4 performance number
""""" F-3 performance number

100

ST
JAVAVAYAYAYAvaYAVAVA
PRSI
TN NINGE AN
VAN SYANAVAVA
VAV AN
SV
,-

T ok ylote

120 130 TELjgal

TEL/gal

F-4 per formonce rumber
secem== -3 per formance number

AV v
/X aNarl VAN s
VAV VN o AVAVANSEATAV::
COIAYAAVA VATASAS VAV FAT
NN S AVAVA VNG YAV
Y Y ANAVAVANLYAV/.VAVA CAV. N EAVAV AN R 4y
TEL/gal 80 85 S0 95 100 105 1o "y TEL[gal
F=3 performance number

(e) Benzene blends; F-4 ratings at fuel-air ratio of 0.11.
(f) Cumene blends; F— ratings at fuel-air ratio for peak power.

FIGURE 7.—Continued. Knock-limited performance determined by F-3 and F-4 rating methods for ternary blends containing high-antiknock blending agents, aviation alkylate, and virgin
base stock.

843438—49——2




Fisrre 7.—Continucd.
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Mixe T «yienes +<i mi [l g

- porformarce runber

Y, , : TS5 0o -
@\ /W q.\; :ﬂi < 5 \/\\Q\(/an :%m
v\ 4 .I/L \-))'}_‘I\\"J ‘ ‘\4 N N\ //0 ALE.)\

120 /130 TEL gal

Virgin base / .
+4 m/ -
TEL/gal 100

——m— ~d] performarnce rumber
sm=e----- F-3 performance rumbers

95 100

a 85
F~3 performonce number
(h)

Virqin £ase ;-
+d m/ 5
“flgai

(g) Mixed sylenes blends; F -f ratings at fuet-air ratio of 0.11,
(h) Toluene blends; F-4 ratings at fucl-air ratio of 0.11.

Knock-limited performancee
huse stock.

determined by F-3 and F-4 rating methods for ternary blends containing hizh-untiknock blending agents, aviation alkylate, and virgin

i R

g
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Methyl tery-butyl ether +<4 m/ JTEL/qo!

F-4 performonce number
-------- F-3 performance number

JAVAYA
@ IVAVAVAVAY y VAVAV’A
@ EVAVAVAVAY 4 NAVAVAYAY
S s AAWAV VYVAVA
Q//O va_ s AVV AN
Q/05 vé.‘- ?. W \:' AVA
TATAVATEAs SAVAVAVA
0% VA ‘@AV w\ AV SAVANIRY
S AVAY: 7~ A»AVA ?6’30"’
Avxv.;vw m@mw.
e S ‘y AV’ 'A'A 703

]
[\

VAYA VA AV AVaY -
80 VAV VAV‘V V"A'NAV"A %‘ 6/?0 <

V/rqg bose %/ \ v 7 " \A-539 W ‘.A‘A'A'Avv PR /40‘3\ A/ky/afc
+d
ffL/gO/ /00 /110 120 130 TEL/ga/

(i)
(1) Methyl tert-butyl ether blends; F-4 ratings at fuel-air ratio of 0.11.

FiGURE 7.—Concluded.  Knock-limited performance determined by F-3 and F—4 rating methods for ternary blends containing high-antiknock blending ngents, aviation alkylate, and virgin
base stock.

Hot-ocrd octone +4 m/ TEL/go/

F-4 per formonce number
---------- F-3 performance number

ANA/
PVAVATAVAS VAT,V
AVAVAVAV OO

AVAVAVAVATAY.

V F
AVAVATANUN VAV VAV

A VAVAVAVAVAY/ \/\/m\ AVAYAN
INAVAVAVAVAVAVAVAVAVASG=\VaWl)

. 0 \ &
One-poss y \/\/\/\/\/\/\/ X/\% s

cotalytic /\/WW\/ \ g Af(y{:/fe
T e ’20 w TEL [gal"

(a) Hot-acid octanc blends; F-4 ratings at fuel-air ratio of 0.11.

FIGURE 8 —Knock-limited performance determined by F-3 and F~4 rating methods for ternary blends containing high-antiknock blending agents, aviation alkylate, and one-pass catalytic
stock.
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10

Triptane +4 m/ TEL [gal

4 per formance number
-~ F-3 performaonce number

5= /40
One-pass N\ Alkylate

catalytie
stock +4 ml +<F m/
TELjgal TEL [gal

F-4 performance number
"""""" F-3 perrformance number

/40
Cre-pass v\ Alkylate
catalytic N +d ml
stock +4m/ ‘20 130 TEL[gal
TZilgal (c}

(b) Triptane blends; F-1 ratings at fucl-air ratio of 0.11.
(¢) Diisopropyl blends; F-1 ratings at fuel-air ratio of 0.11.

Continued. Knock-limited performance deterrined by F-3 and F— rating methods for ternary blends containing high-antiknock blending agents, aviation alkylate,

FIGURE S.— -
and one-pass catalytic stock.
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Heonexane +-4 ml 7Tl jgal

——— S~ porformance riimeon
------------- -3 performance rumcer

\.f,/ / \/ \/\ b/V\/\/X
é /M - /\“55 \/\/\/\

W S
YiVa /\N/\/Wv\/ AVAVAVASAYA

e-pose AVAVAVAVAAVAVAVAVASAY RPNy
5;&73_;}2 +<d mf TEL/QC/
/go! ()

/1sopentone +4 ml TEL /gal

F~4 performonce number
--------- F-3 performonce rxumber

One-pass Alkylate
catalytic 135 +4 ml/
stock +4 m/ s 120 130 TEL [gal

TEL [0/ . (e)
(d) Neohexane blends; F-4 ratings at (uel-air ratio of 0.11.
{e) Isopentane blends; F-¢ ratings at fuel-air ratio of 0.11,

Fierre 8.—Continued. Knockdimited performance determined by F-3 and F—4 rating methods for ternary blends containing high-antiknock blending agents, aviation atkylate,
and one-pass catalytic stock.
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Benzcne +< ml TEL jgal

-4 performance numoer
F-3 performance numober

Une-pass

: Ak ylate
catalyric +2 ml
stock +dm/ gp 85 Q0 95 100 105 10 115 7EL Jgo!

TEL/gal F-3 performance rnumber
(£)
Mixed xylenes +4 ml TEL/gal
95
9
45
80 ———— F-4 performance number

One-pass /5 °
catalytic [ 3/

stock +4.m/
TEL/gal

(f) Benzene blends; F~¢ ratings at fucl-air ratio of 0.11,
(g) Mixed xylenes blends; ¥~4 ratings at fuel-air ratio of 0.11.

FiGURE 8.—Continued. Knock-limited performance determined by F-3 and F—4 rating methods for ternary blends containing high-antiknock blending ugents, uviation alkylate,

and one-pass catalytic stock.
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Toluene +4 m/ TEL/go/

erformance number
erformance number
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B——¢
.

One-pass 129,

Alkylate
catalytic N y \V ! b +4 mi
stock +dml 85 90 95 100 105 110 115 TEL jgor
TEL/gol F -2 performance rumber
(h)
Methyl tert-butyl ether +4 m/ TEL/ga/
150A \ 'Y,
140A N/
135
/130, y: F-4 performance rumber
\ s AA m==s=====F-3 performance rwmber

AVAYAVAN
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VA vas VAT AT N
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AR Y AVATAYAS  VAVAY AN AVAV AR
85 ‘ %‘/&\/ ¥AVA ; _VAYAVK¥AV‘§.
One-pass /(é::@ : QxéAAAAéA 23 AV'A-“VA'_A‘vA > %‘fu
cotalytic %/ \ ‘ \/ 'A' Av Av vvv I\ /40 "Afkavi:;e

stock +4m/ /
TEL/gal €0 Gy 50 TEL jgor

(h) Toluene blends; F ratings at fucl-air ratio of 0.11.
() Methyl tert-butyl ether blends; F—f ratings at fuel-air ratio of 0.11,

FIGURE 8.—Concluded. Knock-limited performance determined by F-3 and F-4 rating methods for ternary blends contalning high-sntiknock blending agents, aviation alkylate,
and one-pass catalytic stock.
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In figure 7 (f) the lines showing F—4 performance numbers
for cumene hlends were determined by plotting peak knoclk-
limited power values rather than power values at a fuel-air
ratio of 0.11. This deviation from the procedure used for
all other plots in figures 6. 7. and § was necessary because
most of the mixturc-response curves for the cumene blends
investicated (reference 1) intersected at fucl-air ratios be-
twoen 0.10 and 0.11.  (See fig. 9 The fuel-air ratio for
peak knock-limited power varied bhetween 0.115 and 0.1:32
for the cumene blends used in preparing figure 7 (f).

No plot was prepared for blends of cumene, aviation alky-
Inte, and oune-pass catalytic stock because rich-mixture
peaks were not obtained for a sufficient number of the binary
blends of cumene and one-pass catalytic stock reported in
reference 1.

Lines of F—3 performance for xylenes blends were not plotted
in figures 7 (g) and 8 (g) because the curve of composition
against F-3 ratings for binary blends of xylenes and aviation
alkylate passed through a minimum. (See fig. 10.)

In general, data obtained on the F-3 engine for the aro-
matic blends could not be handled with complete satisfaction

380 T
] [ I { Virgmn 1
Cumene base srock
360F—(percent+— (percent

by vo/u/pr_e)_____b )y, _volume)

20t % 2
M ammr
seoke 20 80
La 0 100
A1l blend: Fai
300 "4 i TEL it 1 i
280 | .
. A
S 260 ; /
o o
g
R 2401
& . / ‘
§ ool x AN ‘
/NI
% a0 | L Lo | i
I‘L Co ! of ! T
R} b Ly 1 t'/ ;/
/180" ’ '
é i
\ b
100 | ] / /RN
/40. ‘ e . ;
1
10—
10034 : A I ‘
. E T |
80 . / T » ‘A
| N T : i w ‘ | | \’
gotel = Db b e T

05 06 C7 08 GO 0 11 2 i3 4
Fuel~air rotio

(a) Blends with virgin base stock.

by the empirical procedure previously explained.  For this
reason, the acceuracy of the lines of constant F-3 perform-
ance shown for the aromatic-paraffinic svstems in figures 7
and 8 is questionable.

QUATERNARY BLENDS

The performance charts presented in figures 6. 7, and 8
are of interest primarily from counsiderations of maxmium
knock-limited performance attainable with various combina-
tions of fuel blending agents and current base stocks.  The
producers of aviation fuel, however, are interested in the
maximum knock-free power attainable with a finished blend
that meets physical-property speeifications for aviation fuels.
In the present analysis, an attempt has been made to show
how performance charts can be prepared for ternary blends
in which cach of the components has been isopentanized to
a Reid vapor pressure of 7 pounds per square inch.

920 ‘ T 7 -
| I 5 Avigtion | Lo
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|| by volume) by volume) ; / oo
: /gg 29 o !
v . |
360 N 8 20 i / i
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3602 0 100 ] i
F All blends contairn 4 ml TEL/gal /~ i
340 [ , ;
520 /! ;
i |
i i 4o
300 o I : w/p" N
/. Y
S 280 // |
] H
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2 v
= 260 a .
¢ R
S sa0 ' VAN
3 17N
g i T
Sze0 I A —
x ; A : P
Q w 5
ge L y /j i
H ! ; “
/180 ‘ 4 1
Yav4Ni) \
/60—
' /U
' Al :

0 yARAT N
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60 ng ﬁg :

co®l 11 | ] T )
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(b) Blends with aviation alkylate,

FI1GURE Y.~ Kuock-limited performance of binary blends of cumene with aviation alkylate, virgin buse stock, and one-pass catalytic stock as determined in F-4 rating engine,
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(c) Blends with one-pass eatalytic stock.

FI16URE 8.—Concluded.  Knock-limited performance of binary blends of cumene with aviation
alkylate, virgin base stock, and one-passcatalytic stock as determined in F-4 rating engine.
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FIGURE 10.— Knock-limited performance determined by F-3 rating method for binary blends
of mixed xylenes with aviation alkylate.

The addition of isopentane to adjust the vapor pressure
of the components in a system such as that shown in figure
7 (a) will necessarily affect the maximum knock-free power
attainable because of the performance rating of isopentane
relative to the ratings of the other components in the system.
(See table II.) In figure 7 (a), for example, a blend of 58.5-
percent triptane, 30.5-percent alkylate, and 11-percent virgin
base stock has a lean-rich performance-number rating of

135/200 and a Reid vapor pressure of approximately 3.5
pounds per square inch (estimated from table ID.  In order
to obtain the same performance (135/200) with a blend of
triptane, alkylate, and virgin base stock that has been iso-
pentanized to a Reid vapor pressure of 7 pounds per square
inch (maximum from speeification), a blend of 55-percent
triptane, 17-percent alkylate, 7-percent virgin base stock,
and 21-percent isopentane could be used. The addition of
isopentane has thus effectively decrcased the quantity of
triptane needed to obtain the 135/200 performance rating,
which is attributed to the fact that isopentane has better
performance characteristics than the alkvlate or the virgin
base stock used as well as a higher Reid vapor pressure
than the other three constituents in the blend.  (See table I1.)

It must be emphasized that the preceding example is
merely given as a sample consideration of a fuel characteristic
other than knock that must be considered for a finished fuel
blend. This example is not intended to imply that the
preparation of fuel blends as presented herein with Reid
vapor pressures adjusted to meet specifications will neces-
sarily produce blends that will meet all pertinent specifi-
cations.

Several performance charts for quaternary blends con-
taining isopentane were prepared for comparison with the
charts previously described for ternary blends. In each of
the quaternary systems, the vapor pressure was adjusted to
7 pounds per square inch. Three assumptions were made in
the preparation of these charts: »

(1) The relation between composition (volume basis) and
Reid vapor pressure for binary blends of isopentane with
another paraffinic fuel is linear.

(2) The relation between composition and the reciprocal
of F4 (rich) knock-limited indicated mean effective pressure
for binary blends of isopentane with another paraffinic fuel
is linear.

(3) The relation between composition and F-3 perform-
ance number for binary blends of isopentane with another
paraffinic fuel is linear.

On the basis of the available data, assumption (3) appears
to be valid for only a few cases. For this reason the F-3
performance lines on the charts for quaternary blends may
be in error.

As an example of the preparation of the performance chart
for a quaternary system, it is assumed desirable to isopenta-
nize the blends represented by figure 7 (a). The first step
in this problem is to determine the amount of isopentane to
be added to each of the pure components (fig. 7 (a)) to obtain
a Reid vapor pressure of 7 pounds per square inch and to
determine the resultant F-3 and F-4 performance-number
ratings for these blends. This information was obtained
from the foregoing assumptions and the data in table 1T and
is presented in the following table:

F-4 indi-
cated
mean

F-3 per- eflective
formance pressure
number (lb/sq in.)

76% triptane+ 24% isopentane++4 ml TEL/gal_ ... .. __ 145 455
859, alkylate+ 159, isopentane+4 mi TEL/gal________ 121 200
929%, virgin base+ 8%, isopentane++4 ml TEL/gal_._____ 78 142
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76Z triotane +2% ‘sopentane +4 ml TEL[gal

-4 performance number
---------- £-3 performance number

Reid vapor pressure, approximately
7 Ib/sq in.

{
Q&OQI VAN
¢ N A /3 190
oCOQJ “‘@A“‘-« -
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.: . \7&% \\/\«‘/\\\‘/‘ ~>L/ :\/ N

+8% isopentane >
w4 mi TEL/gal 100 (a) 110 20 130 +4 mi TELJgol

Triptone + 4 ml TEL/gal

A
™ ————— F-4 performonce rumber
\/

---------- F-3 performance number

Percentoge 1sopentane con be determined

Na by subtracting sum of percentoges
i e 55 Ny oF other components From /CO.
1254 X ‘(

& A Sl AN 200

\)@/20 . “4 \/ NS \ y Reid vgpor pressure, goproximarely
A AL X RN JNN\/90 7 /bfsq .

/

¢
X3
Virgin bose | s "‘ > / \/‘8 \/40/3//<y/af‘e
+d mi . E) — +< m/
100 /10 120 130 TEL/gol

TEL [gal (b)

(a) Plain triangular coordinate.,
(b Triangular coordinate adjusted to show blend composition in terms of coneentrations of individual constituents.

FIGURE 11.— Knock-limited performatce
ratings at fuel-air ratio of 0.11.

determined by F-3 and F-4 rating methods for quaternary blends containing triptane, aviation alkylate, virgin base stoek. and isopentane.
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The triangular chart shown in figure 11 (1) was obtained
by treating these three blends (all of which have Reid vapor
pressures of 7 1b/sq in.) as separate components by the pro-
cedure used in preparing figure 7 (2).  Any point on figure
11 (n) represents the =3 and F-+4 performance number of a
quaternary blend. The actual quantity of each component
in the blend, however, cannot be readily determined from
the chart because the percentages given on the altitudes of
the triangle show only the amounts of the binary blends at
the vertexes. For this reason, the grid of the chart was so
adjusted, as shown in figure 11 (b), that the quantity of any
one of the four components in the blend could be determined
from the chart.

As an example of the method of determining the composi-
tion of fuel in figure 11 (b), it is assumed that a blend of
triptane, aviation alkylate, virgin base stock, and isopentane
having a lean-rich rating of 130/180 is desired. The concen-
trations of triptane, alkylate, and virgin base stock in the
blend having the desired rating can be read directly from the
altitudes of the triangle in the manner used in previous
charts. These concentrations are 48, 19, and 13 pereent,
respectively, The concentration of isopentane can be
determined by subtracting the sum of the percentages of the
other components from 100.

Performance charts for the following quaternary systems
have been prepared and are presented in figure 12:

Triptane, diisopropyl, aviation alkyvlate, and isopentane
Triptane, diisopropyl, hot-acid octane, and isopentane
Diisopropyl, hot-acid octane, aviation alkylate, and
isopentane
The vapor pressure determined for the diisopropyl used in
figure 12 was 7.4 pounds per square inch.  (See table 11)
In the preparation of figure 12, however, a vapor pressure of
7 pounds per square inch was assumed for diisopropyl.

ACCURACY OF PERFORMANCE CHARTS

The accuracy of the charts was determined by selecting
ternary or quaternary blends from the various charts and
investigating these blends by the standard F-3 and F-4
procedures.  Inasmuch as the F-4 ratings shown on the
charts were estimated at a fuel-air ratio of 0.11, the check
ratings were determined at this same fuel-air ratio.

The check blends investigated and their ratings are shown
in table III. These blends arc also shown on the various
charts by the symbols. The fuel numbers shown adjacent
to cach of the symbols on the charts correspond to the fuel
numbers given in this table. All the data in table IIT are
presented in figure 13 to show the relation between estimated
and observed performance numbers. For the 25 blends
shown in figure 13, the average deviation from the match

Triptane, hot-acid octane, aviation alkylate, and | line was 3.1 performance numbers for the F-3 ratings and
isopentane 1.5 for the F—4 ratings.
Triptane «- ml TEL jgal/
F-4 per formance' rumber
F-3 pertormonce rumber
Percentage isopentone con be determned
by subtracting sum of percentoges
of other components from /00.
Reid vopor pressure, goproximately
7 Ibjsq in.
=
F VAL
A ~;\\ X N N <
Alkylote \%\/ \ //\ AN /180, Hot-acid octone
+4 mj ‘/40 +d m/
TEL[gal TEL [ga:

(1) Blends of triptane, hot-acid octane, aviation alkylate, and isopentane; F-4 ratings at fuel-air ratio of 0.11,

FIGURE 12.—Knock-limited performanee determined by F-3 and F-4 rating methods for quaternary blends,
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Triptone +< mi [&lj/gal

\ - ————— F-d performance rwumber
s-e----s-- F-3 periormonce numnber

Percentage 1scpentane can be determined
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of other components from /00.
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7 Ib/sq .
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edm/ T g ‘ “Zoo S
TEL/gel F-4 performance number TEL/qal

(c)

(b) Blends of triptane, diisopropyl, aviation alkylate, and isopentane: F-4 ratings at fuel-air ratic of 0.11.
(c) Blends of triptane, diisopropyl, hot-acid octane, and isopentane; F-4 ratings at {uel-air ratio of 0.11.

FiotRre 12.—Continued. Knock-limited performance determined by F-3 and F-{ rating methods for quaternary blends.




ESTIATATION OF KNOCK-LIMITED PERFORMANCE RATINGS OF TERNARY AND QUATERNARY BLENDS 19

Diisopropy! +4 mi TEL/gal
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---- F-3 performance number

Percentage isopentane con be determined
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of other components from /00,
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7 lb/sq in.
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(d) Blends of diisopropy), hot-acid octane, aviation alkylate, and Isopentane; F-4 ratings at fucl-air ratio of 0.11.

FiGURE 12.—Concluded. Knock-limited performance detertnined by F-3 and F—4 rating methods for quaternary blends,
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FIGURE 13.—Relation between estimated and observed knock-limited performance ratings as
determined by F-3 und F-{ rating methods.

In consideration of the accuracy of the charts it must be
emphasized that the previously mentioned discrepancics
noted in the F-3 ratings of binary blends containing aro-
matics are responsible for some of the large deviations in
table III. For this reason the F-3 performance lines for the
aromatic systems shown in figures 7 and 8 must be used with
considerable caution.

DISCUSSION OF PERFORMANCE CHARTS

The data in figures 7 and 8 can be used for certain general
comparisons of paraffins, aromatics, and ethers. In figure
7 (a), for example, at the point representing a blend of 81-
percent aviation alkylate, 19-percent virgin base stock, and
4 ml TEL per gallon, the lean-rich rating is 110/123. Mov-
ing on a straight line from this point toward the triptanc
vertex until 20-percent triptane has been added results in a
blend having a rating of 118/145. The addition of 20-
percent triptane to the base blend has thus increased the lean
rating of the base blend by 8 performance numbers and the
rich rating by 22.

On the other hand, if in figure 7 (e) 20-percent benzene is
added to the same base blend used in the foregoing example,
then the rating changes from 110/123 to 106/146. The
addition of 20-percent benzene has decreased the lean rating
by 4 performance numbers, whereas the rich rating has been
increased by 23.

From this comparison, it follows that in the illustrative
example the aromatic (benzene) and the paraffin (triptane)
arc cqually cffective for increasing the F—4 (rich) performance
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FAv)

but that triptane is more effective than benzene for improving
lean performance.

When any two of the charts in figure 7 or 8 are compared,
the nearer a given constant performance line is to the base
of the triangle, the better the performance of the fuel repre-
sented by the top vertex of the triangle.  For example, in
figure 7 (a) the line representing an F—4 performance number
of 200 is much nearer the base of the triangle than the same
line in figure 7 (b). Triptane plus 4 ml TEL per gallon has
therefore a higher rating than diisopropyl plus 4 ml TEL per
aallon.

Obhservations similar to those made in the foregoing dis-
cussion ean be made for the charts in figures 11 and 12, In
the case of these figures, however, the effect of a single com-
ponent cannot be isolated from the other components because
the concentration of isopentane varies with that of any other

component in the system.

SUMDMARY OF RESULTS

Charts are presented that permit the estimation of F-3
and F—4 knock-limited performance ratings for certain
ternary and quaternary fuel blends.  Ratings for various
ternary and quaternary blends estimated from these charts
compare favorably with experimental F=3 and F-4 ratings.
Beeause of the unusual behavior of some of the aromatic
blends in the F=3 engine. the charts for aromatic-paraffinic
blends are probably less accurate than the charts for purely
paraflinic blends.

Aircrarr Excine ResearcH LaBoraTory,
N aTioNAL Apvisory COMMITTEE FOR AERONAUTICS,
CrLeviLanD, Ouio, January 29, 1945.
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APPENDIX

USE OF TRIANGULAR COORDINATE PAPER

The use of triangular coordinate paper to represent compo-
sition for a three-component system will be greatly simplified
if it is remembered that for any point in an equilateral tri-
angle the sum of the perpendiculars from that point to each
of the sides is equal to the altitude of the triangle. For
example, in the following diagram OP+OM -+ ON=Bb.

B

B e D T D)

’

R R (o)

T

c

A

O
T

If each of the vertexes of the triangle represent 100 per-
cent, of one of the three constituents, then the percentage of
component A in blend O is OM, the percentage of the com-

ponent B is OP, and the percentage of component C is ON.
The equation of a straight line on triangular coordinate
paper is of the form

a=bN,+cN;+ N

where
constants
concentration of components 1, 2, and 3 in

ternary blend
Any equation relating knock-limited performance and blend
composition that can be reduced to this form can be repre-
sented by a straight line of constant performance on triangu-
lar coordinate paper. Equation (1) presented in the text of
this report can be reduced to this form by multiplying through
by any one of the performance values (imep);, (imep),, or
(imep)s.

a, b, e
ZVI, Arg, ]\/Yg
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TABLE I—=PRRFORMANCE RATINGS OBTAINED IN I3 AND F-t INGINES

[For cach fuel there are three rows of values: ‘I'he first row is imep, th.sq in.: the second row for F-3 ratings is octane number or tetracthyt lead in 8=3 reference fuel, migali the second row ine
F-4 ratings is percentuge {-3 reference fuel in M-+ reference fuel or tetracthyl tead in -3 reference fmel, mbgal; the third row is performance number.  The folowing abbreviations are used
throughout the table: VBS for virgin base stock; alkylate for aviationZalkylate: one-pass stock for one-pass catalyvtic stock; and MTB ether for methyt fert-butyl ether.]

;
. |
; F— ratings v i 1 I"~4 rutings b i
RIS . . i U . .
Fuel ‘el composition o (by volume) r,llmfm; Fuel-air ratio o Fuel Fuel composition » (by volkime) r-\ltixfmf Fucl-uir ratio
1
} i 0.065 | 0.070 | 0.083 | :
| i 1 .
| A-335 | VBN e oo ™ 831122 A-403 7 6055 diisopropyl4-407, one-pass I
| 90.7 | 96.6 | 99.8 i stock 0,24
! e 91 499 i 103
iA-IS | a0 e alkylate4500s VBS oo aoaes 86 99 A-401 1 8095 dilsopropy14-20€, one-pass P
i 98.8 | 0.10 | 0.19 | stock 0. 68
i 96 1 104 | 107 : 120
O AL I ] 3 0 £ U ¥ S Sy 104 129 A-303 ¢ Diisopropyle. oo oL
0.64 | 0.65 1 0.93 H 241
19 | 17| o1 | 142
A-132 | 3007 one-pass stock+700, VBN Lo i 7 A-11L{ 207) neohexane+x0 VIBS
90.6 | 93.8 | 90.0 ) f ue.s
5| 84| s ¢ I St
A-116 | 505 one-puss stock+M00 VBS | ... G4 76 37 A-H2 | 409 neohexane460", VBN ] ...
90.9 1 8R.6 | 4.1 0.01 ] 0.01} .05
76 102
A-119 | 805 one-pass stock+207; VBS_ .. s A=H3|G0C7 neehiexane +4077 VBS
92.
79
A-122 | 3065 onec-pass stock+7075 alkyl- | ... A=t 1 B07 neohexune +2000 VBS .o
ate 0.15
106
A-117 | 50¢ one-pass stock+30% alkyl- | -___. A=45 | 2007 neohiexane+80C7 atkyviate .
ato 100
100
A-121 | 80S, one-pass stock+207 alkyl- | .. A-416 F 4077 neohexune 46007 altkyvlate. ...
ate 06.3 i
A-410 | One-pass stock.. ! Ho X417 | 6077 neohexane+4077 alkylate. ...
93. i
81
A-136 | 205, triptanc+80% VBS_ ... . .| .. i3 A-HB | 8097 neohexane+2077 alkylate. .. -
94, i
83 B 149
A-137 | 4005 triptane+607, VBS Lo | ... A-120 | 2000 neohexance+8077 one-pass
0.18 stock 96. 6
107 90
A-138 | 6075 triptane+407, VBS ...l ... A-421 | 409, neohexane46077  one-pass o
0.167 stock
A-272 | 20 triptane+80% alkylate.._._.| ..... A-122 | 607 neohexanc44077,  onec-pass
1.08 stock
127
A-273 | 4055 triptanc+60% alkylato.. ...} _.... A-423 | 8077 neohesanc+2007,  one-pass
2.43 stock
142
A-274 | 609 triptunc+4-407; slkylato......} ..... A-304 | Neohexane fo oLl
2.70 6. 00
145 161
A-275 | 80 triptanc42075 slkylate ..} . ... A-123 | 2097 fsopentane--80C7 VBS oL
4.06 04. 4
147 ]
A-276 | 209 triptane+809; one-pass A-124 | 4077 fsopentane+607, VBS. .. e
stocke 08.8 99.1
96 97
A-277 | 409 triptane+607; oue-pass A-134 | 6005 isopentane+4077 VBS. oo L. P
stock ¢ 0.08 0.23
: 103 { 108
A-278 7 0<% triptanc+407; one-pass i A=TA | 207, isopentanc48077 alkylate._f
stock ° 0. 48 : 0.92
115 ' 124 131 135 | 140 142 141 138
A-279 1 80°% triptane+20C; onc-puss . iA-IT6 | A0y isopentane-+6077 alkylate .. 121 e 1t 203 205 M
stock ¢ 1.80 0.99 { 1,39 169 | 2.52 ] 2,48 | 2.36 1 2.00
136 i 125 1 135 143 143 3
A-2T1 D Triptane oo i ceeaas I ARS8 2007 isapentane 8T one-pass 7 87 132 160 173 188
3.30 | stock 5.8 [ 7.5 0,02 [ 20| 034 [ 0471 LA
149 87 94 101 108 it 115 130
A-307 | 2095 diisopropy-+80¢: VBS .. A-3RG 14077 isppentane 6077 one-pass RA o7 140 168 180 1 192
06, 6 stock 1001007 | 0.17 { 0,30 | .46 | 0.92 | 1. 47
| 100 103 107 111 115 124 133
A-308 | 407 diisopropyl4+60C: VBS __| ... i A-139 | 2075 hot-acid octanc480 VBS .. 7 83 128 | 147 | 181 154
0.09 | 9431925 950(0.1510.16 | 0.11 | v.02
103 83 04 106 106 105 101
A-399 | 605 difsopropyl+40: VBS. . ... A-140 | 4077, hot-ucid octane-+607, VBS. | ... T4 89 1431 168 | 173 179
0.33 100 | 95.0 { 0.03 1 0.34 | 0.46 | 0.47 | 0.58
111 100 9 10t 1 114 115 117
A-400 | 8007 diisopropyi420 VBS_ L. A-141 | 6075 hot-acid octane+405: VBS..| ... 84 106 65 191§ 198 207
1.17 0.18 [ 0.05 | 0.31 [ 1.02 | L.75{ 101 | 2.21
128 107 102 11 126 136 | 138 140
A-405 i 207¢ diisopropy!+R0; alkylate....| ... A-367 | 207 hot-ncid octane48077 alkyl- { .. | 120] 142 1880 205 210| 215
{ 0.90 ! ato 0.82 | L399 1.60 | 2321 262[2.72] 276
; . 124 | 123 131 134 141 144 145 145
A-406 | 407 diisopropyl+6077 alkylate .| ... I A-368 | 407 hot-acid octane+6077 alkyl- Lo 1251 148 | 2 209 | 220 235
i 1.45 ato 0.72 | 1.5811.87 | 3.1013.59 | 3.8 | .29
i 132 120 134 137 | M7 1507 1521 154
A-407 | e diisopropyl+407 alkylate . ... 2 A-369 | 609, hot-acid octane+407¢ alkyl- e 129 154 | 216 ’ 240 | 218 | 257
1. 40 b ato 0.88 1 177+ 229 | 431, ... . -
132 A7 | 124 W6 141 154 | 1621 164 168
A-408 1 R00g diisopropyl4207; ulkylate. .| ... | A-370 | 8097 hot-ncid octance+20%; alkyl- 129 154 213 | 269 276 280
2.10 o ! ato 0.72 | .77 | 2.29 . .- aa-
139 | " ) 121 136 | 141 169 182 | 183 182
A-401 2095 diisopropy 43000 one-pass H i1 A-371 1 2077 hot-zcid octane-48077 one- P ] 138 170 185 206
stock P96 1 S i pass stock 95.1 10881 0,06 | 0.28 : 0. 49 | 1.0 | 2.14
Looos8 b1y i 861 95 1021 110 1151 130 140
A-402 - 40 diisopropyl+60€; one-pass i ... ! OI8O ] 209 1 A-372 1 4070 hot-acid octane4-60%, one- ce.t S8LOT ] ISE 1921 208 | 229
stock D00610.05)0.20:0.4310.951 1.48 0234 |t i pass stock 100 [ 0.14 1 0.17 { 0.48 1 1.80 | 2.57 | 3.73
Poo102 102 108 ¢ 1141 1251 1331 142 "t H 100 105 107! 115 136 143 151
a Each fuel contains approximately 4 ml TET/gal. 4 Estimated value.
b Based on fixed reference-fuel framework (reference 1). « Values for knock-limited imep were averaged from three eurves,
« Knock-limited performance of engine with one-pass catalytic stock was low on day fuels CValues for knock-limited imep were averaged from two curves.

were investigated.
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TABLE I—PERFORMANCE RATINGS OBTAINED IN -3 AND F-4 ENGINES—Concluded
i ]
! F-4 ratings b F—4 ratings b
I .
Fuel Fuel composition » (by volume) r'lti—l;‘ﬁ\‘: Fuel-air ratio Fuel | Fuel composition s (by volume) ‘mti;';gs Fucl-air ratio
. [ )
| | ' : i H |
L0685 | 0.070 1 0.085 ; 0.095 | 0.100 ! 0.110 | J 0.065 | 0.070 | 0.085 | 0,095 0,100 | 0.110
A-373 l 600- hot-acid octane+4055 one- | ... 9 I 101} 168 | 220 | 215 A-359 | 4095 benzene4-6055 quylate...._.J
pass stock 0.13 0191 0.23 3.43 ] 56,71
107 107 198 pet] 160
A-374 1 8075 hot-acid octane+2077 one- | )i vy 115 .Z(ig 268 A-=360 | 60% benzene+40G; alkylate ...
p 188 stock 0. 5. .
160 175
A-330 ¢ Hot-acid octane f. . ______. 2 Jo4 1 317 A-361 | 8095 benzene+209, atkylate ...
: T .
A-257 12070 mixed xylenes4-807, VBS . 9‘1;3‘5 9131; mli‘l: A-362 | 207, benzene-80¢, one-pass stock 1'.’33
8 3. i .
! a6 94 96 138
A-258 07 mixed xylenes+607n VBS . 147‘ 1(‘,)0 18:2 A-363 | 4095 henzene+60%5 one-pass stock 264
| iog | o | 2 it
A-259 | 6077 mixed xylenes+40%, VBS . xli)w4 3‘2}2‘ 253 A-364 | 60%;benzene+409; one-passstock 328
187 | 148 | 165
A-260 | 8057 wixed xylenes+206; VBS_.. . - A-365 | 80% benzene--209; one-pass stock
: A-261 "0’} mimd xylenes+80% ulkyl- 104 | 208 | 207 A-340 | Benzene ! ... i.ii....
1.90 [ 2.57 | 3.59
H 137 143 150 P
| A-262 | 407 mixed xylenes+60% alkyl- Q‘Jgg 252 | 287 A-321 | 209 toluene+-809, VBS.__._..... Olz'g
ate A . .
! 144 167 187 110
©A-263 | 60S: mixed xylenes440% alkyl- 74| ... .- A-322 | 409 toluene+60%; VBS._______.. 266
iooate .. “a .
185 e 173
A-264 | 8077 mixed xylenes+20% alkyl- 336 .- A-323 | (09 toluene+40¢; VBS. ... 425
i ate - - - PO
i [ .
POA-265 | 207 mxxed wlones+80 one- 151 01;3 A-324 | 80% toluene+4209% VBS.__....... IO
pnss stock 3 . —e-
A-206 | 4075 mixe?‘ xylenes+60% one- A-325 | 207 toluenc+807% alkylate..._.__ 248
pass stock © .
162
A-267 | 00 mixed xylenes+440% one- A-326 | 40% toluene4607, alkylate . 348
pass stock °
A-208 | 805, mlteil{ xylenes+20% one- A-327 | 0%, toluene+407% ulkylate. ...
pnss st
A-256 | Mixed xylenes ee. ... ... ...... - A-328 | 807 toluene4-2097 ulkylate...__.. o
A-245 | 207 cumene+80% VBS ....._... ‘;;'7 (.xiyéé (;igé A-331 | 20% toluene+80% onc-pass stock . 2&3
88| 91| 10 143
A=244 | 407, cumene+60%, VB8, ........ 0:1;1; 9é:il)0 01?2 A=332 | 409, toluene-41%, one-pass stock. 262
84| 83| 108 Byl
A-240 | 60'5 cumene—+409, VBS. ... 9‘}1(8) 9&3& OIE A=333 1 609, toluene4-40%, one-pass stock. -
35| 91| 111
A-H7 | 507 cumene+209% VBS_......... 9}29 lﬂ ———— A-334 | 807 toluene<+20%, one-pass stock .
3 0. aman
8| 105 ...
A~248 | 207, cumene 4809, alkylate. ... lgg 187 | 215 A-320 | Toluene f.__

. A-240 1 4077 cumene+-609, alkylate ... 01«{? 0121 4%3 A-336 | 209, MTB ether4-809% VBS (...
! i 1 114 | 153
A-250 | 607¢ cumene+40% alkylate ... gézé Olég 297 A~337 | 409 AUTB cther+607% VBS. ...

i 90 | 103 | 180
% A-251 | R0 cumene+209, alkylate. ... 9;1; 0160 —ea A-338 | 607 MTB ether4407, VBS.....
: 80 82| 110 ...
i A-252 | 209, cumene--80% one-pass stock.| .... 70 69 91 120 137 176 A-339 | 807 MTB cether+207, VBS.....
H 93.01 92586 898|943 |97.8|0.44
| 8| 81 75| 76 114
I A-253 | 407, cumene+60% one-pass stock.{ ... Tl 67 7 A-347 | 207, MTB cther4+807%, alkylate. .
93. 92.5 | 87.4 | 82.9

| A-25¢4 | 607 cumenc+40%, one-pass stock. A-348 | 407, MTB ether+60% ulkylate__

<P
s ot
1)
~
)
3

A-255 | S0CT cumene42077 one-pass stack A-349 | 607, MUB ether+-407 alkylate.

Pedi 23 €5
z

A-240 | Cumene ¢ ..o ieaeeaans . 7 75 87 A=150 | 80% MTDB ether+20°7 altkylate. .
95 96.9 | 92.7 | 87.9
: 9| 83| =
A= | 2070 benzene480C, VBS ... .. - 78 85 134 A-I51 | 209, MT'B ether-F307, one-pass
: i 91.4197.51990.410.22 stock
| | 6193 97 | 108
1OA-B42 400 benzene 4607, VBS L. . 81 89 | 146 A=352 | 40% MTB ether+60%, one-pass
| 92.4 | 99.4 | 0.05 | 0.37 stock
\ 7 97 | 102 112
A-343 1 6065 benzene+40S; VBS. . L..... 53 9775 9983 244 A-353 (;0% }\lé'l‘n cther+4-407%, one-pass
i . f . PR
i 83 93 97 1731 ...
A-344 | 30Y7 benzene+209, VBS . ..__._.. . 98 | 115 .... A-354 | 80% M'TB ether+2077 one-pass
| 96.2 1 0.38 1 0.45 . stock U RN (ORI RN
J 88+t 113 115 .. e PR [
i 2075 benzene+80%, alkylate. .. ___ eeeo i M7 1270 1821 212 A-335 | MT'B ethert 330 | 406 ...

i A-338 |

. . . 3.10
D] ize | 124 137 ) 147
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TABLE 1I—F-3 AND F-4 PERFORMANCE RATINGS AND REID VAPOR PRESSURES FOR VARIOUS AVIATION-FUEL
COMPONENTS

JESNSRIE.Y

-

_—
| : i Performance | i Performance |
i Reid vapor number & ' ! Reid vapory number # H
\ Blending agent pressure Blending agent I pressure \
! i (Ibfsqin.) | . | (b/sq in) | |
| ! PR3] b i N
i ! i [ !
[sopentane. ... 9.6 RREH] Doer ] Benzene..oes | 3.5 i " - |
Neohexane . 8.7 ' 161 159 i Triptane...ooo.. - 3.0 i By !
i Methyl tert-h s el I 200 Hot-acid octane. .. - 2.7 E i ! !
I Diis ! 2 i 202 ¢ Toluene ... R 1.1 s B |
t Virgin be ‘ 3 a4 i) Mixed xylenes. . ] P 3
1 Alkylate . | 11y 137 ‘ Cumene. ..o ....- . -3 8| !
i i i

s Performance numbers are for pure blending agent containing 4 ml TEL/gzal.

L Performance numbers over 161 are extrapolated (fig. 1), Ratings are for fuel-air ratio ol 0.11.
e Fxtrapolated from experimental data for blends containing up tot-pereent isopentane.

¢ Assured to be same us rating for unleaded benzene.

TABLE [II—TF-3 AND T-4 PERFORMANCE RATINGS OF TERNARY AND QUATERNARY FULL BLENDS

{The following abbreviations are used throughout the table: VB for virgin base stock: alkylate for aviation alkylate; one-pass stoek for one-pass catalytic stock: and MTB ether for methyl

tert-butyl ether.]

e et e e

1 \ Performance numbers 1 E Performance numbers ‘
Fiure | Fuel | Fuel composition * (by volume) \ F-3 ratings | P-4 ratings b Figure Fuel Fuel composition » (by volume) F-3ratings | F-d ratings v
i ! N | T
| '! Esti- ‘i Ob- | Esti- | Ob- Esti- \ Ob- | Esti- l Ob- I
| i matediserved | mated! served | mated! served mated! served;
l i i ! i i . | i | i
Ternary blends Ternary blends—Concluded L
i | - T “'__
[ AT | SQC:lvkh(l)t-ucid octanc+25% VBS+16% 1 112 1 110 150 149 T A-521 | 2395 toluene4-17% VBS+607% alkyl- + 107 | 106 160 156
¢ alkylate ate
[ S 1 A-487 i ll%kh?tiucid octane-+48% VBS+41% } 98 | 90 110 1 T eenns A-520 | 337, MTB ether+55% VBS+12¢alkyl 106 108 160 154
alkylate ate
A-233 | 20% triptane+5% VBS474% alkylate.] 126 l 126 150 151 () - A-539 | 6% MTB cther+59% VBS+35%.alkyl- 94 99 110 1
A-235 97 triptane+20% VBS8+51% alkylate.} 118 ‘l 120 150 151 ate
A-234 | 38% triptane+35% VBS+277 alkyl- | 114 115 150 150 R@.....- A-470 | 557 hot-acid octane~+13% one-pass 118 118 160 159
| ate stock+32% alkylate
A-460 | 43% triptane+28% VRS+420% alkyl- { 119 18 160 158 8 (M...... A7) zls%mtri&tu{\e-i-ﬂ% one-pass stock+ | 108 1 160 159
ate 2% alkylate
A-481 | 129, triptanc+14% VBS+74% alkyl- | 116 n7 140 142 8(b)... . A-480 20%”nlri ktu{\e-*—lﬁ% onc-pass stock+ | 117 112 150 150
ate 649 alkylate
A-486 | 137, triptanc+61% VBS+26%, alkyl- 5 93 110 112 8(C)...u.| A-555 1307 (fiisonropyl-}-ﬂ%onc-pussstock+ 118 15 150 150
ate 37% alkylate
A—478 | 437 diisopropyl-+1: 0, VBS+-457alkyl | 123 122 150 150 |
ate
A-524 | 349 diisopropyl+52% VBS+1477 alkyl- | 103 n 120 12t Quaternary blends
ate
A—83 | 56% neohiexane+ 1427, VBS-430% alkyl- | 131 124 140 140 I |
ate ; 12 (). ..an A-472 | 197, triptanc+10% hot-ncid octune+ | 128 l 131 | 180 157
A-523 | 129 neohexune+437% VBS+45% alkyle | 102 103 110 1 52.5% nlkylate+18.5% isopentane i
ate ) g ~ 12 (bY.....j A-474 | 11.5% triptane+25.5% dlisopropyl+ | 130 136 1 160 159
A—482 | 39, benzene+34% VBS4437 atkyl- 97 100 140 139 50.5% alkylute+12.5% isopentane
ate 12 () e A-473 | 349, diisopropyl+12.5%: hot-acid oc- 1 129 131 ‘ 159 159
A-522 | 4% benzene4+41%, VBS4127, alkyl- 87 W 160 154 tane+41.5% alkylate+12% isopen- | l |
yooate tane |
| A-484 | 149 toluene+54% VBS+327 aklyl- 92 97 130 130 } 1 | t
! ©oate i ‘ ; !
! ! ! | e

» Each fuel contains approximately 4 mi TEL/gal.
b F-t ratings made at {uel-air rutio of 0.11.
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Z
Positive directions of axes and angles (forces and moments) are shown by arrows
Axis Moment about axis Angle Velocities
; (pForri'lel ]
arallc X !
Designation Sym- to ;‘gg{ Designation Sym-{ Positive Designa- |{Sym- (c%g;;fp?g- | Angular
e8ig bol |8 g bol direction tion bol |nent along| *18WA
: axis) |
Longitudinal........ X X Y—uZ Roli ......... ¢ u i P
Lateral .. Y Y Z—X Pitch........ 9 v -
Normial.ooeeeecaennd, Z zZ XY Yaw ... ¥ w | r
Absolute cocfficients of moment » Angle of set of control surface (relative to neutral
c= k. Cm=_.’l_‘l§ On='—]b_\‘7§ position), 5. (Indicate surface by proper subscript.)
qbS ooge g
(rolling) (pitching) (yawing)
4. PROPELLER SYMBOLS
D Diameter P Power, absolute coeflicient Cp= i -
P Geometric pitch pn*D
p/D  Pitch ratio ) 4 R
V' Inflow velocity G Speed-power (:oefﬁclentz\/ P
vV, Slipstream velocity T 7 Efficiency
T Thrust, absolute coefficient CT=;7—L7D—4 n Revolutions per second, rps
- . . 1 )
MPoctive helix — S
P Effcctive helix angle=tan <2”m

- Q
Q Torque, absolute coefficient 00:;[2[76

5. NUMERICAL RELATIONS

1 hp=76.04 kg-m/s=>550 ft-lb/sec 11b=0.4536 kg
1 metric horsepower==0.9863 hp 1 kg=2.2046 Ib
1 mph=0.4470 mps 1 mi=1,609.35 m=>5,280 ft

1 mps=2.2369 mph 1 m=3.2808 ft




